Summary. The purpose of this investigation was to find an explanation for the arterial hypoxemia which occurs during pulmonary gas embolism in normoxic conditions. Infusion of oxygen at a rate of 3.2 ml min -1 during constant artificial ventilation led to an increase of the normoxic shunt percentage from 2.9 to 21.8. When excluding the contribution of lung units with low ventilation-perfusion ratios to the total shunt by breathing hyperoxic gas mixtures, the remaining hyperoxic shunt percentage increased from 2.9 to only 4.3 during inhalation of pure oxygen. There was a linear relationship between this hyperoxic shunt percentage and the degree of pulmonary gas embolization as expressed by the ratio of diastolic pulmonary arterial pressure with and without embolization. A comparison of the normoxic and hyperoxic increases of shunt percentage due to pulmonary gas embolism suggests that a major part of the arterial hypoxemia in normoxic condition is due to a marked increase in the number of lung units with low ventilation-perfusion ratios, i.e., by an enhanced unevenness of the distribution of the ventilation-perfusion ratio in the lungs. A moderate increase of the physiological dead space indicates some increase of lung units with high ventilation-perfusion ratios or of the alveolar dead space. The minor increase of the hyperoxic shunt percentage, expressing venous admixture by anatomical veno-arterial and possible atelectatic shunting, is probably due to atelectatic areas in the lungs. CO2 elimination during the same extent of pulmonary gas embolization was more impaired during hyperoxia than during normoxia. This effect may be due to the release of hypoxic vasoconstriction in lung units with low ventitation-perfusion ratios during air breathing by hyperoxia, so that more blood would be shifted * Present address: Department of Physiology, Biomedical Center, University of Limburg, Medical Faculty, Beeldsnijdersdreef 101, Maastricht, The Netherlands.
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INTRODUCTION
In previous papers it was reported that venous gas infusion at a low rate (1-5 ml min -1) in normoxia causes arterial hypoxemia in the presence of unaltered cardiac output and (artificial) ventilation (Verstappen et al., 1977b) . Four theoretically possible mechanisms of shunting involving venous admixture must be considered to explain this phenomenon.
1. Direct arterio-venous anastomoses from the pulmonary artery to the pulmonary veins.
2. Venous admixture through channels from the bronchial venous circulation into the pulmonary venous system and from the Thebesian and mediastinal veins into the left atrial or ventricular cavity.
3. Venous blood from pulmonary arterial-bronchial arterial anastomoses (Sperrarteries; diameter 50-400 gm) ahead of the respective capillary beds, streaming from the pulmonary arterial into the pulmonary venous system through a T-connection from the Sperrarteries to the peribronchial venous plexus which drains into the pulmonary veins (by veno-venous broncho-pulmonary anastomoses) (Von Hayek, 1942 , 1960 Lauwerijns, 1962; Molenaar, 1967) ; 4. Venous admixture from pulmonary capillaries of lung units with low ventilation-perfusion ratios; if the ventilation-perfusion ratio becomes zero (ate-lectasis) this venous admixture behaves like anatomical veno-arterial shunting.
When considering the possible significance of these mechanisms for the arterial hypoxemia during venous gas infusion three of them can be ruled out readily. Anatomical studies have failed to demonstrate any pulmonary arterio-venous anastomoses in man and dog. Venous admixture by other anatomical channels has been estimated to correspond to a few percent of total blood flow in the dog only (Schuurmans Stekhoven and Kreuzer, 1967) . There is no reason to presume that this shunt percentage should be altered appreciably during venous gas infusion under the present experimental conditions. In the Sperrarteries the direction of flow is from the bronchial to the pulmonary artery due to the physiological pressure conditions; a venous admixture through these connections would only be possible if the direction of flow would be reversed due to a reversal of the pressure gradients. This does not occur even during pulmonary embolic obstruction; pulmonary arterial pressure was always far below systemic arterial pressure in all our venous gas infusion experiments. A further argument against an important contribution from this pathway is the fact that venous gas bubbles are completely excreted into the alveolar air (Verstappen et al., 1977c) . It may be concluded by exclusion, therefore, that intrapulmonary venous admixture should be the most important mechanism to explain arterial hypoxemia during venous gas infusion.
As mentioned above, however, we will have to distinguish between venous admixture from lung units with a low ventilation-perfusion ratio and that from lung units with a ventilation-perfusion ratio of zero, i.e. atelectasis. Application of hyperoxia will exclude the contribution from lung units with low ventilation-perfusion ratios (since the high pressure gradient of oxygen also increases the oxygen pressure in the hypoventilated lung units), but not that from atelectatic lung areas. Thus at hyperoxia venous admixture is due to the constant anatomical shunt and to the blood from atelectatic lung areas. Comparison with the shunt at normoxia permits an estimation of the venous admixture from lung units with low ventilation-perfusion ratios in normoxia. Moreover, the physiological dead space with and without venous gas infusion at constant artificial ventilation provides an estimate of alveolar ventilation.
METHODS
Anesthetized mongrel dogs of either sex, weighing 15-25 kg, were used. For a description of anesthesia, procedures to measure pulmonary arterial and aortic pressures and blood and alveolar gas pressures, and artificial ventilation, see Verstappen et al. (1977 a) .
The total pulmonary shunt at normoxia was calculated using the equation:
Cc'o2 -C~o~ where Q.s = shunt flow Q~ = total flow through the pulmonary system C~,o2 = end-capillary oxygen concentration in ml 1-1 C,o2 = arterial oxygen concentration in ml 1-Cvo,_ = mixed venous oxygen concentration in ml I-1
To exclude the contribution of lung units with low ventilationperfusion ratios to the shunt flow, hyperoxic gas mixtures were used. When the hemoglobin of the arterial blood is completely oxygenated the following equation may be used to calculate the hyperoxic shunt:
where.
= solubility coefficient of oxygen in ml ml-1 mm Hg Pao2 = alveolar oxygen pressure in mm Hg P.o2 = arterial oxygen pressure in mm Hg This shunt percentage includes anatomical veno-arterial shunting (irreversible) and atelectatic venous admixture (reversible) (Schuurmans Stekhoven and Kreuzer, 1967) , Physiological dead space was calculated with the equation:
gDphysiol Paco2 --PECO2
where VDphy~iol = physiological dead space in ml P~co2 = arterial carbon dioxide pressure in mm Hg PEco~ = mixed expiratory carbon dioxide pressure in mm Hg Vr = expiratory tidal volume in ml All these calculations were made for the conditions with and without venous gas infusion.
RESULTS
In a previous paper (Verstappen et al., 1977a ) the circulatory changes induced by venous gas infusion have been described. There was a linear relationship between the infusion rate and the ratio of pulmonary arterial pressure (Pap) as measured during venous gas infusion after reaching a constant level and before venous gas infusion. In the present study a linear relationship was also found between the calculated shunt percentage in hyperoxic condition and the ratio mentioned above (Fig. 1) . The hyperoxic shunt percentage during venous gas infusion increased only from 1.5-6% (with the exception of one experimental animal with an increase of 10 % and 14 %). The effects of different hyperoxic mixtures (40 %, 60 %, I00 % 02) on the circulatory and respiratory variables during and without venous gas infusion are listed in Table 1 for a representative experiment. Systemic arterial pressure (Pa) and cardiac output (0) are hardly affected but Pap is about 4 mm Hg higher during normoxia than during hyperoxia and about 9 mm Hg Plot of degree of embolization against shunt percentage at hyperoxia. As a measure of the degree of embolization caused by venous gas infusion the ratio of P~pd~t as measured during and without embolization is used. There is a correlation with r = 0.973 between this ratio and the calculated shunt percentage. When the absolute differences in shunt during and without embolization were compared there was an increase of 1.5-6 % during embolization. One experimental animal had an increase of shunt during embolization of 10 and 14 % (the latter value is beyond the scale of the Figure) higher during gas infusion than without gas infusion. Venous gas infusion impairs the gas exchanges as seen from the respiratory data. Most marked is a decrease of P~o~ from 103 to 77 mm Hg during venous gas infusion at normoxia. During venous gas infusion the shunt percentage increases by about 1.5% for all hyperoxic gas mixtures but by 19 % during normoxia. Physiological dead space, however, increases only from 45-62 ml.
Another effect of hyperoxic ventilation during venous gas infusion is shown in Table 2 . When during The data (with standard deviation) were obtained from 10 experiments during the steady state of oxygen infusion a steady-state phase of venous gas infusion and constant ventilation air breathing is changed to oxygen breathing, the arterio-alveolar gradient of CO2 increases from 21-28 mm Hg. A change in reverse direction causes an opposite effect. Without venous gas infusion this effect is hardly present. Physiological dead space is increased from 315-333 ml. In Table 3 the results of a typical gas infusion experiment are listed where the circulation first tends to fail and subsequently recovers again. Pac02 increases to up to 95 mm Hg concomitant with an increase of VDphy~iol. Yet oxygenation of the blood remains adequate during hyperoxic ventilation. The calculated shunt is not higher than 7 and 5 ~ during 60 and 100 % 02 breathing respectively. Neon infusion was started at 0 min and the gas mixture was changed immediately after the time of measurement DISCUSSION Pulmonary embolism is commonly accompanied by arterial hypoxemia. When pathological right,to-left shunts are excluded, and cardiac output and (artificial) ventilation remain constant, the only shunt responsible for the arterial hypoxemia can be an enhanced venous admixture from lung units with low or zero ventilation-perfusion ratios, possibly due to increased blood flow through these lung regions. Vascular occlusion by the gas emboli on the other hand should lead to an increased alveolar dead space in the lung. In control condition without venous gas infusion the shunt percentages at various levels of oxygenation are 1 -3 ~o, as also found by Schuurmans Stekhoven and Kreuzer (1967) . During gas infusion the shunt increases by almost 19 ~ at normoxia, but by only 1.5 ~ at hyperoxia (Table 1) . Thus, the most important origin of arterial hypoxemia during venous gas infusion is an increased venous admixture from lung units with low ventilation-perfusion ratios. This may easily be understood by consideration of the possible distribution of the infused venous gas emboli. The emboli floating in the blood stream will preferably turn to those arterioles where the blood flow is highest. After obstruction of these arterioles the blood has to follow other pathways (possibly favored by increasing pulmonary arterial pressure). Thus the blood flow may increasingly shift to lung units with low ventilationperfusion ratios and which leads to arterial hypoxemia. A confirmation of this mechanism would be the demonstration of a beneficial effect of an improved distribution of alveolar ventilation on arterial hypoxemia. This may be provoked by an increase in endexpiratory pressure. Caldini (1965) and Gootman et al. (1962) indeed found that such an increase in endexpiratory pressure decreased hypoxemia during pulmonary embolism.
The increased shunt at hyperoxia during venous gas infusion compared with the control situation without venous gas infusion can be attributed to the shift of blood to atelectatic lung regions and to lung units with ventilation-perfusion ratios below a critical value which are unstable and become atelectatic (Dantzker et al., 1975) . The relationship between the hyperoxic shunt percentage and the pulmonary arterial pressure necessary to overcome the high vascular resistance in atelectatic lung areas during venous gas infusion is compatible with this view (Fig. 1) .
Concerning CO2 elimination another effect of hyperoxia as compared with normoxia in pulmonary embolism may be demonstrated (Table 2) . Without venous gas infusion CO2 pressures at hyperoxia are the same as at normoxia with the exception of a slightly increased mixed venous CO2 pressure due to the Haldane effect (Hlastala, 1973; Lenfant, 1966) . During venous gas infusion, however, hyperoxia impairs CO2 elimination as seen from the increased values of Paco2 and (a-A)Daco 2 as compared with normoxia (Table 3) , which are indicative of an increased alveolar and therefore physiological dead space. It is generally accepted that oxygen plays a major role in the regulation of the ventilation-perfusion ratio of lung units (Duke and Lee, 1963; Fishman, 1961; Hales et al., 1975; Levy and Simmons, 1974; Severinghaus et al., 1961; West, 1969) . During pulmonary embolism there anyhow is a shift of blood flow to lung units with low ventilation-perfusion ratios. When hypoxic vasoconstriction in such lung units during air breathing is released by hyperoxic gas mixtures in the presence of unchanged total ventilation, there occurs an extra shift of blood to these lung units. Oxygen uptake by the blood is hardly affected by this phenomenon, because alveolar Po2 will rise to hyperoxic levels in all ventilated alveoli, but CO2 elimination from the blood will be more impaired because its pressure gradient is too small to compensate for the relatively low ventilation in lung units with low ventilationperfusion ratios. Table 3 at last demonstrates the marked changes occurring during venous gas infusion in the presence of a failing circulation. The enormous rise in Paco2 at the lowest value of Q might be explained by a strongly reduced pulmonary blood flow, restricted to lung units with a low ventilation-perfusion ratio. This is caused by an increasing blockade of the normal perfusion path by the bubbles, since P,p is not high enough to accelerate the bubble excretion to a rate equal to the bubble infusion (Verstappen et al., 1977 (Verstappen et al., a, 1977b (Verstappen et al., , 1977c ). Yet the shunt is only 5 ~ due to the high Po2 (breathing pure oxygen) in all open alveoli. The very high physiological dead space is compatible with this explanation. It is not clear why the circulation recovers after passing from oxygen to air breathing, but the changes in the respiratory variables again agree with our hypothesis.
It may he concluded that the impaired pulmonary gas exchange during pulmonary embolism is caused by an increase of the uneveness of the ventilationperfusion distribution. Hyperoxia improves the oxygenation of the blood, but impairs the CO2 elimination. Hyperventilation with a gas mixture containing 25-30 ~o 02 might alleviate the disturbance in respiratory gas exchange due to pulmonary embolism.
